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a b s t r a c t

A solvent engineering strategy was applied to the lipase-catalyzed methanolysis of triacylglycerols
for biodiesel production. The effect of different pure organic solvents and co-solvent mixtures on the
methanolysis was compared. The substrate conversions in the co-solvent mixtures were all higher than
those of the corresponding pure organic solvents. Further study showed that addition of co-solvent
decreased the values of |log Pinterface − log Psubstrate| and thus led to a faster reaction. The more the values
of |log Pinterface − log Psubstrate| decreased, the faster the reaction proceeded and the higher the conversion
attained. Different co-solvent ratio was further investigated. The co-solvent mixture of 25% t-pentanol:75%
isooctane (v/v) was optimal, with which both the negative effects caused by excessive methanol and
by-product glycerol could be eliminated. There was no obvious loss in lipase activity even after being
repeatedly used for 60 cycles (720 h) with this co-solvent mixture as reaction medium. Other lipases and
Jatropha curcas L. seed oil lipase combinations can also catalyze methanolysis in this co-solvent mixture. Furthermore, other veg-
etable oils were also explored for biodiesel production in this co-solvent mixture and it had been found
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. Introduction

According to the US Standard Specification for Biodiesel (ASTM
751), it is defined as a fuel comprised of mono-alkyl esters of long
hain fatty acids derived from vegetable oils or animal fats. In this
ontext, it can be used in diesel engines and heating systems [1].
iodiesel has clear benefits in comparison with diesel fuel. Since
iodiesel comes from renewable sources, it does not contribute
o new carbon dioxide emission—one of the factors responsible
f the greenhouse effect—as diesel from petroleum does [2]. The
ther main characteristic of this fuel is the almost total absence
f sulphur and the low production of soot particulate after com-
ustion [3–5]. In this sense, numerous scientific articles dealing
ith biodiesel production have been published. More recently, the
emand for biodiesel has increased even more due to petroleum
rice rises and the development of government measures like The

U Directive 2003/30/EC on the promotion of the use of biofu-
ls to accelerate the use of alternative fuels in the transportation
ector.

∗ Corresponding author. Tel.: +86 21 64252981; fax: +86 21 64250068.
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dia has extensive applicability.
© 2008 Published by Elsevier B.V.

Different processes are currently available to achieve trans-
sterification of triacylglycerols for the production of biodiesel,
hich include chemical or enzyme catalysis or supercritical alco-
ol treatment [6–11]. Chemical processes give high conversion of
riacylglycerols to their corresponding esters but have drawbacks
uch as being energy intensive, difficulty in removing the glyc-
rol, and the need for removal of alkaline catalyst from the product
nd treatment of alkaline wastewater. Use of biocatalysts (lipases)
n transesterification of triacylglycerols for biodiesel production
ddresses these problems and offers an environmentally more
ttractive option to the conventional processes [12–15]. Although
nzymatic approaches have become more and more attractive, they
ave not been realized in industrialization mainly due to the rel-
tively high price of lipase and its short operational life caused by
he negative effects of excessive methanol and by-product glycerol
6,16–19].

It has been demonstrated that more than 1/2 molar equiva-
ent methanol are insoluble in vegetable oils and the immobilized
ipases are easily inactivated by contacting with insoluble methanol

xisting as droplets in the oils [19]. Stepwise addition of methanol
15,19] or using some hydrophobic solvent such as n-hexane or
etroleum ether as reaction media [14,20,21] have been proposed
o reduce the negative effect of methanol on lipase activity. By-
roduct glycerol is hydrophilic and insoluble in the oils, so it is

http://www.sciencedirect.com/science/journal/13811177
mailto:dzhwei@ecust.edu.cn
dx.doi.org/10.1016/j.molcatb.2008.03.001
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asily adsorbed onto the surface of the immobilized lipase also
eading to the negative effect on lipase activity and operational sta-
ility [21]. Several methods have also been proposed to eliminate
he negative effect caused by glycerol: addition of silica gel into
he reaction system to absorb the glycerol [22] or washing the
ipase with some organic solvents periodically to remove glycerol
21,23,24]. We can find all the proposed methods to solve the neg-
tive effects of methanol and glycerol will increase the operational
omplexity.

The enzyme activity in organic media is often correlated with
he solvent hydrophobicity (log P) with the highest activities found
t high log P (>2) values [25–28]. Further, the stability of the
nzyme is usually higher in the more hydrophobic solvents. These
ydrophobic organic solvents such as n-hexane and petroleum
ther have also been tried as reaction medium for biodiesel pro-
uction [20,21,29]. However, methanol and glycerol have poor
olubility in these relatively hydrophobic solvents, so the negative
ffects on lipase activity and stability caused by methanol and glyc-
rol cannot be eliminated and lipase still exhibits poor stability in
uch reaction media [23]. From the above introduction, we could
educe that a solvent, which could dissolve the hydrophobic oil,
ydrophilic methanol and glycerol, might be an appropriate reac-
ion medium. Just as the studies of Li et al. [30], Degn et al. [31]
nd Castillo et al. [32], in this work, we also applied a solvent engi-
eering method in the search for appropriate reaction medium for

ipase-catalyzed methanolysis of triacylglycerols for biodiesel pro-
uction and found a co-solvent mixture, which could dissolve both
ethanol and by-product glycerol, so the negative effects caused

y them could be eliminated totally.

. Materials and method

.1. Materials

Novozym435 (lipase B from Candida antarctica, a nonspecific
ipase immobilized on a macroporous acrylic resin with a specific
ctivity 10,000 PLU/g and water content 1–2% (w/w)), Lipozyme
L IM (lipase from Thermomyces lanuginosus, immobilized on the
articles of silica gel with a specific activity 175 IUN/g and water
ontent 5% (w/w)) and Lipozyme RM IM (lipase from Mucor miehei,
mmobilized on a macroporous anionic resin with a specific activ-
ty 5–6 BAUN/g and water content 2–3% (w/w)) were bought from
ovo Nordisk Bioindustrials Inc. Methyl esters of palmitic acid,

tearic acid, oleic acid, linoleic acid, linolenic acid, erucic acid, rici-
oleic acid and heptadecanoic acid were from Sigma and were
hromatographically pure. Pistacia chinensis Bunge oil, Jatropha
urcas L. oil, soybean oil, rapeseed oil, corn oil, peanut oil, castor oil,
live oil, cottonseed oil,sunflower oil were purchased locally. 1,4-
ioxane, t-butanol and t-pentanol were obtained from commercial

upplier (Shanghai Chemical Company, China). All other chemicals
nd reagents were obtained commercially and were of analytical
rade. All the organic solvents were treated with molecular sieve
Å for several days before using.

.2. General procedure for lipase-catalyzed methanolysis

Under standard conditions, reactions were performed as batch
rocess in 5 mL of pure organic solvents or co-solvent mixtures

n 25 mL screw-caped glass vials containing 0.5 mmol vegetable
il, 1.5 mmol methanol and 10% of lipase (based on oil weight).
he reactions were carried out at 45 ◦C and 150 rpm in a shaker

tted with a thermostat. These conditions were used except
hen otherwise stated in the text. Samples (6 �L) taken from

he reaction mixture at specified times were mixed with 7.5 �L
f 20 mM heptadecanoic acid methyl ester (served as internal
tandard) and 136.5 �L of n-heptane, and were analyzed by gas
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hromatography.

.3. GC analysis of the samples

Samples prepared as described above were analyzed by
njecting 1 �L of n-heptane solution and internal standard
nto an Agilent 6890 gas chromatography, equipped with a
P-5 capillary column(5% phenyl methyl siloxane capillary,
0.0 m × 320 �m × 0.25 �m nomimal). The column temperature
as kept at 180 ◦C for 1 min, heated to 300 ◦C at 10 ◦C/min, and then
aintained for 2 min. The temperatures of the injector and detector
ere set at 260 and 280 ◦C, respectively. Under these conditions,

he retention times for palmitic acid methyl ester, heptadecanoic
cid methyl ester, oleic acid methyl ester, linoleic acid methyl ester,
inolenic acid methyl ester, stearic acid methyl ester, erucic acid

ethyl ester and ricinoleic acid methyl ester were 5.122, 5.916,
.499, 6.474, 6.563, 6.702, 9.697 and 8.121 min, respectively. All
amples were measured in triplicate, with reproducibility always
ithin 3%. The conversion was defined as the concentration ratio

f transformed oil to initial oil × 100.

.4. IR analysis

Infrared (IR) spectrum of the viscous sample obtained by wash-
ng the Novozym 435 with water after transesterification was
etermined on Nicolet Magna-IR550.

.5. Determination of free glycerol content in the reaction mixture

The free glycerol in the reaction mixture was measured accord-
ng to the method of Bondioli and Della Bella [33]. Into a 10 mL test
ube, the right amount of sample, dissolve in 4 mL of hexane and
dd 4 mL of working solvent (mix equal volumes of distilled water
nd 95% ethanol). Shake the sample vigorously for 5 min. Centrifuge
or 15 min at 2000 rpm. Remove the main part of the upper layer.
ransfer exactly 0.5 mL of the lower layer into a 10 mL test tube. Add
.5 mL of working solvent. Add 1.2 mL of a 10 mM sodium periodate
olution and shake for 30 s. After that, add 1.2 mL of a 0.2 M acety-
acetone solution and put in a water bath thermostated at 70 ◦C for
min, stirring manually. After the reaction time, the sample must
e immediately cooled by immersing the tube in a beaker contain-

ng tap water. The samples are finally read in a spectrophotometer
et in double beam mode at 410 nm, against a blank sample pre-
ared in the same way as the samples, after addition of 2 mL of
orking solvent to the test tube.

.6. Stability of Novozym435

The stability of Novozym435 during batch transesterification
eactions was investigated. In the co-solvent mixture system, the
ovozym435 was reused directly without any treatment after 12 h

eaction in each cycle and the methanol was added one time. In the
ure isooctane system, the Novozym435 was reused directly with-
ut any treatment after 24 h reaction in each cycle and the methanol
as added three times.

.7. Solvent hydrophobicity

The solvent hydrophobicities (log P values is defined as the log-
rithm of the partition coefficient in an octanol–water two-phase

ystem) used in the present work were taken from Laane et al. [26]
r Carrea et al. [34]. The hydrophobicity of co-solvent mixtures can
e calculated from the Eq. (1) [35].

og Pmix = x1 log P1 + x2 log P2 (1)
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Table 1
Lipase-catalyzed transesterification of Jatropha curcas L. seed oil with methanol in pure solvents and co-solvents with different log P values

Pure solvents Conversion (%)a log P Co-solventsb Conversion (%) log P

Isooctane 8.8 4.7 n-hexane:dioxane 9.59 2.23
n-Heptane 5.5 4.0 n-Heptane:dioxane 9.79 2.47
n-Hexane 5.7 3.5 Isooctane:dioxane 12.34 2.8
Tetrachloromethane 1.7 3.0 n-Hexane:t-Butanol 35.86 2.81
Toluene 2.9 2.5 n-Heptane:t-butanol 38.94 3.11
Benzene 2.2 2.0 Isooctane:t-Butanol 45.9 3.51
t-Pentanol 28.8 1.4 n-Hexane:t-pentanol 34.23 3.02
t-Butanol 22.9 0.80 n-Heptane:t-pentanol 38.81 3.35
Tetrahydrofuran 0.9 0.49 Isooctane:t-pentanol 52.13 3.8
Acetonitrile 16.6 −0.33
Dioxane 8.0 −1.1
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eaction conditions: molar ratio of methanol/oil 3:1; 10% Novozym435 based on th
a Transesterification activity was expressed as the conversion of substrate.
b Mixture of solvent (4:1,v/v).

here x1 and x2 are the mole fractions of components 1 and 2, and
og P1 and log P2 are the pure component values.

. Results and discussion

.1. Effect of reaction medium

One of the most troublesome bottleneck in lipase-catalyzed
ethanolysis of triacylglycerols for biodiesel production is the poor

olubility of methanol in most organic solvents, such as isooctane,
-heptane and n-hexane [20,21,29]. We investigated the lipase-
atalyzed transesterification of J. curcas L. seed oil with methanol in
ifferent pure nonpolar solvents. As shown in Table 1, low substrate
onversion was observed in the solvents with high hydrophobic-
ty. This result can therefore be ascribed to the excessive insoluble

ethanol in the reaction medium deactivating the lipase gravely.
n fact, only polar organic solvents, such as t-butanol, have been
sed for dissolving methanol [36,37]. Therefore, we also investi-
ated the lipase-catalyzed transesterification of J. curcas L. seed
il with methanol in different pure polar solvents. High substrate
onversions were found in t-butanol, t-pentanol, acetonitrile and
,4-dioxane (Table 1). Generally solvents with a log P value below
have been considered unsuitable as media for enzyme catalysis

26]. In the present work, high enzyme activity was observed in
olvents with a log P value below 2, and significant enzyme activ-
ty could even be detected in acetonitrile and 1,4-dioxane which
oth have very low log P values. This result can be explained that
hese solvents can dissolve methanol and thus overcome its nega-
ive effect on lipase to some degree. However, polar organic solvents
sually strip the essential water off the lipase molecules and then

nactivate the biocatalyst and thus influence the stability of lipase

uring repeated use, which greatly limits the application of enzy-
atic procedures in this area [38]. As an alternative, co-solvent
ixtures which were composed of a high log P solvent such as

sooctane and a low log P solvent such as 1,4-dioxane were tried.
ecause acetonitrile is not soluble in isooctane, n-heptane and n-

a
o
e
v
c

able 2
ffect of co-solvent addition on the substrate conversion and |log Pi − log Ps|

olvents log Pi
a log Ps

b

sooctane −1.44 5.795
sooctane:dioxane (4:1)d −1.27 5.795
sooctane:t-butanol (4:1) −0.32 5.795
sooctane:t-pentanol (4:1) −0.02 5.795

eaction conditions: molar ratio of methanol/ Jatropha curcas L. seed oil 3:1; 10% Novozym
a log Pi = log Pinterface.
b log Ps = log Psubstrate.
c Transesterification activity was expressed as the conversion of substrate.
d Mixture of solvent (v/v).
eight; temperature 45 ◦C; 150 rpm; reaction time 4 h.

exane, their co-solvent mixtures did not study in this work. The
esults were shown in Table 1. The substrate conversions in the co-
olvent mixtures were all higher than those of the corresponding
ure solvents. This result demonstrated that higher lipase tolerance
o methanol and stability could be achieved in co-solvent mix-
ures. Laane reported that there was some influence of the log P
alue of the reaction medium on the reaction rate. They also found
hat the lower the |log Pinterface − log Psubstrate| or the higher the
log Pcontinuous phase − log Psubstrate| was, the easier/faster the reac-
ion proceeded [26,35]. Thus, the log P of reactants was proposed
ere to analyze the improved lipase tolerance to methanol. Since
he reactants include triglycerides and methanol, therefore the
og Psubstrate was calculated according to the semiempirical Eq. (1).
ere x1 and x2 stand for the molar ratio of methanol and triglyc-
rides, respectively. The interface of the lipase was supposed to be
layer of water for pure solvent system or a uniform layer of mix-

ures of water and dioxane or t-butanol or t-pentanol for co-solvent
ixture system. Adopting the isooctane co-solvent mixture system

s an example, Table 2 gave the log P value of reactant and the val-
es of |log Pinterface − log Psubstrate| were also calculated accordingly.

t could be seen that addition of co-solvent decreased the values
f |log Pinterface − log Psubstrate| and thus led to a faster reaction. The
ore the values of |log Pinterface − log Psubstrate| decreased, the faster

he reaction proceeded and the higher the conversion attained. This
ndicated that higher lipase tolerance to methanol was realized by
ddition of co-solvent.

.2. Effect of the co-solvent ratio

As stated above, the addition of co-solvent could improve the
ipase tolerance to methanol and stability. In order to find an

ppropriate co-solvent mixture for lipase-catalyzed methanolysis
f triacylglycerols for biodiesel production, we investigated the
ffects of different co-solvent ratio. As shown in Table 3, the con-
ersion of oil in t-pentanol co-solvent mixture > that in t-butanol
o-solvent mixture > that in 1,4-dioxane co-solvent mixture. The

|og Pi − log Ps| Conversion (%)c

7.235 8.8
7.065 12.34
6.115 45.9
5.815 52.13

435 based on the oil weight; temperature 45 ◦C; 150 rpm; reaction time 4 h.
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Table 3
Lipase-catalyzed transesterification of Jatropha curcas L. seed oil with methanol in different co-solvent mixtures with varied ratio

Co-solvent mixtures (v/v) Conversion (%) Co-solvent mixtures (v/v) Conversion (%) Co-solvent mixtures (v/v) Conversion (%)

Dioxane:5% n-hexane 8.27 t-Butanol:20% n-hexane 26.69 t-Pentanol:10% n-hexane 29.30
Dioxane:10% n-hexane 8.54 t-Butanol:30% n-hexane 27.47 t-Pentanol:20% n-hexane 29.36
Dioxane:20% n-hexane 8.60 t-Butanol:40% n-hexane 28.50 t-Pentanol:30% n-hexane 30.18
Dioxane:30% n-hexane 8.79 t-Butanol:50% n-hexane 29.47 t-Pentanol:40% n-hexane 32.76
Dioxane:40% n-hexane 8.90 t-Butanol:60% n-hexane 31.70 t-Pentanol:50% n-hexane 33.23
Dioxane:50% n-hexane 9.07 t-Butanol:70% n-hexane 33.51 t-Pentanol:60% n-hexane 35.80
Dioxane:60% n-hexane 9.18 t-Butanol:80% n-hexane 35.86 t-Pentanol:70% n-hexane 37.76
Dioxane:70% n-hexane 9.34 t-Butanol:90% n-hexane 24.58 t-Pentanol:80% n-hexane 34.23
Dioxane:80% n-hexane 9.79 t-Pentanol:90% n-hexane 24.75
Dioxane:90% n-hexane 7.05 t-Butanol:5% n-heptane 23.20

t-Butanol:10% n-heptane 24.74 t-Pentanol:5% n-Heptane 31.78
Dioxane:5% n-heptane 8.36 t-Butanol:20% n-heptane 25.46 t-Pentanol:10% n-heptane 32.57
Dioxane:10% n-heptane 8.48 t-Butanol:30% n-heptane 26.67 t-Pentanol:20% n-heptane 33.58
Dioxane:20% n-heptane 8.51 t-Butanol:40% n-heptane 27.67 t-Pentanol:30% n-heptane 33.95
Dioxane:30% n-heptane 8.84 t-Butanol:50% n-heptane 28.02 t-Pentanol:40% n-heptane 35.47
Dioxane:40% n-heptane 9.16 t-Butanol:60% n-heptane 35.50 t-Pentanol:50% n-heptane 36.47
Dioxane:50% n-heptane 10.04 t-Butanol:70% n-heptane 38.10 t-Pentanol:60% n-heptane 38.12
Dioxane:60% n-heptane 11.08 t-Butanol:80% n-heptane 38.94 t-Pentanol:70% n-heptane 44.79
Dioxane:70% n-heptane 11.20 t-Butanol:90% n-heptane 27.30 t-Pentanol:80% n-heptane 38.81
Dioxane:80% n-heptane 9.59 t-Pentanol:90% n-heptane 26.45
Dioxane:90% n-heptane 8.30 t-Butanol: 5% isooctane 26.40

t-Butanol:10% isooctane 27.60 t-Pentanol: 5% isooctane 31.13
Dioxane: 5% isooctane 8.13 t-Butanol:20% isooctane 27.90 t-Pentanol:10% isooctane 32.28
Dioxane:10% isooctane 8.24 t-Butanol:30% isooctane 29.30 t-Pentanol:20% isooctane 36.53
Dioxane:20% isooctane 8.55 t-Butanol:40% isooctane 31.60 t-Pentanol:30% isooctane 37.56
Dioxane:30% isooctane 8.76 t-Butanol:50% isooctane 36.28 t-Pentanol:40% isooctane 41.73
Dioxane:40% isooctane 8.88 t-Butanol:60% isooctane 38.13 t-Pentanol:50% isooctane 44.93
Dioxane:50% isooctane 10.20 t-Butanol:65% isooctane 40.36 t-Pentanol:60% isooctane 50.14
Dioxane:60% isooctane 12.74 t-Butanol:70% isooctane 42.30 t-Pentanol:65% isooctane 55.78
Dioxane:70% isooctane 15.85 t-Butanol:75% isooctane 43.28 t-Pentanol:70% isooctane 58.12
Dioxane:80% isooctane 12.34 t-Butanol:80% isooctane 45.90 t-Pentanol:75% isooctane 61.05
Dioxane:90% isooctane 11.55 t-Butanol:85% isooctane 44.95 t-Pentanol:80% isooctane 52.13

t-Butanol:90% isooctane 40.13 t-Pentanol:85% isooctane 49.94
t-Butanol:5% n-hexane 23.67 t-Pentanol:90% isooctane 41.15
t e
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-Butanol:10% n-hexane 24.64 t-Pentanol:5% n-hexan

eaction conditions: molar ratio of methanol/oil 3:1; 10% Novozym435 based on th
as expressed as the conversion of substrate.

ighest conversion was found in the t-pentanol co-solvent mix-
ure with the most suitable composition of 25% t-pentanol:75%
sooctane (v/v). This result indicates that a mixture of a solvent
t-pentanol) in which methanol has a high solubility with a solvent
isooctane) in which the lipase is stable is optimal for lipase-
atalyzed synthesis of biodiesel. To the best of our knowledge, this
s the first report on lipase-catalyzed synthesis of biodiesel in co-
olvent mixture, which improves the conventional lipase-catalyzed
ynthesis method.

It has been suggested that enzymatic activity for lipase-
atalyzed reactions increases with increasing values of the
ydrophobicity of the solvent in which the reaction takes place
26]. Therefore, the log P values of co-solvent mixtures were used
o analyze the changing trend of conversion in different co-solvent
atio. All of the three co-solvents used in this study have lower val-
es of log P (see Table 1) than n-hexane, n-heptane and isooctane
o that log Pmix decreases with increasing amounts of co-solvent.
herefore, the transesterification activity (conversion) is expected
o decrease with increasing amounts of co-solvent. A plot of trans-
sterification activity (conversion) to log Pmix is shown in Fig. 1.
or each co-solvent mixture, there is a consistent trend of increas-
ng conversion with increasing log Pmix up to the point where the
olubility limit of the methanol affect the lipase activity. However,
ixtures with different co-solvents having the same log Pmix value
o not result in the same conversion. For example, at a log Pmix
alue of 1.44, the conversion changed from 12.74 with dioxane as
he co-solvent to 27.47 with t-butanol as the co-solvent (Table 3
nd Fig. 1). Thus, for the co-solvent mixture system, the observa-
ion that increasing log Pmix correlates with increasing enzymatic

i
c
w
t
d

29.21

weight; temperature 45 ◦C; 150 rpm; reaction time 4 h. Transesterification activity

ctivity appears to be true when considering a particular co-solvent
ystem, but it does not hold exactly when comparing mixtures with
ifferent co-solvents. It should be recognized that (Eq. (1)) does not
ake into account, in an explicit way, solution non-idealities in the
olvent mixtures. The log P of a pure component is a description
f partitioning of that component between water and a reference
rganic solvent while the log P of a two-component mixture, as
efined by Eq. (1) is simply an average of the log P values of the indi-
idual components. As a result, log Pmix does not take into account
pecific activity coefficient effects so it can only be used for a qual-
tative correlation of enzymatic activity.

It is also of interest to note that when the curves in Fig. 1 are
xtrapolated to the log P value of pure n-hexane, n-heptane and
sooctane, the conversions show significant differences. Thus, it
ppears that even small additions of more polar co-solvent to a
ighly hydrophobic solvent may dramatically alter the enzymatic
ctivity. A qualitatively similar effect had been reported by Almars-
on and Klibanov for the protease subtilisin Carlsberg [39].

.3. Effect of water addition on the methanolysis in the optimal
o-solvent mixture system

The water content is known to be a crucial parameter while
sing enzymes in non-aqueous media. It is considered more log-
cal to talk in terms of water activity rather than % (w/w) water
ontent [40,41]. However, for a process like biodiesel preparation
here the ultimate objective is to work at large scale, it makes bet-

er sense to optimize the process simply in terms of addition of
ifferent amounts of water. This is so since control of water activity
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Fig. 1. Substrate conversion plotted as a function of log Pmix in the co-solvent mix-
tures. (A) Dioxane as co-solvent; (B) t-butanol as co-solvent and (C) t-pentanol as
co-solvent. log Pmix was calculated from Eq. (1). Reaction condition: molar ratio of
methanol/Jatropha curcas L. seed oil 3:1; 10% Novozym435 based on the oil weight;
temperature 45 ◦C; 150 rpm; reaction time 4 h.
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ig. 2. Effect of water addition on the methanolysis of Jatropha curcas L. seed oil in
he optimal co-solvent mixture. Reaction conditions: methanol/oil molar ratio 5:1;
.5% Novozym435 based on the oil weight; temperature 45 ◦C; 150 rpm. The water
ddition was based on the weight of oil.

s slightly more complicated in design and may not be convenient at
arge scale. In non-aqueous systems, there is a minimum and opti-

um water content required for providing enough conformational
exibility. As water content increases, hydrolysis starts competing
ith transesterification as the equilibrium shifts towards hydroly-

is [42,43]. An additional feature of this process is that fatty acids
roduced by hydrolysis would again get converted to fatty acid
ethyl esters. However, this esterification reaction is also favored

y low water conditions. That is, in this equilibrium reaction as well
ydrolysis of fatty acid methyl esters would be favored over ester-

fication as the water content rises [44]. Also, esterification would
roduce water molecules, the water content thereby would rise
nd start further favoring fatty acid methyl esters hydrolysis. So we
nvestigated the effect of water addition on the methanolysis in the
ptimal co-solvent mixture (25% t-pentanol:75% isooctane). As the
ig. 2 showed, when the amount of added water increased from
to 0.75 wt%, the conversion scarcely changed. However, when it

ncreased from 0.75 to 5 wt%, the conversion decreased gradually.
herefore, a water addition lower than 0.75% (w/w) on the base of
il weight would be optimum. We selected not to add water to the
eaction system in all our experiments.

.4. Capability of lipase tolerance to methanol in the co-solvent
ixture system

Different from conventional lipase-catalyzed methanolysis in
olvent-free system or hydrophobic organic solvent system where
ore than 1/2 molar equivalent methanol are insoluble and thus

nactivate the immobilized lipases [19], the toxicity of methanol
n lipase activity can be eliminated in the co-solvent mixture sys-
em. In order to investigate the capability of lipase tolerance to

ethanol in the co-solvent mixture system, we chose the optimal
o-solvent mixture system (25% t-pentanol:75% isooctane) to study
he effect of molar ratio of methanol/oil on the methanolysis. As can
e seen from Fig. 3, the conversion was enhanced with the increase
f methanol concentration until the methanol/oil molar ratio of
:1. This explained that the added methanol dissolved fully in the
o-solvent mixture system and thus did not deactivate the lipase.
hen the molar ratios were more than 5:1, their conversions were
ower than that of molar ratio of 5:1 during the initial 6 h, then
ttained about the same. This could be due to one-step addition of
xcessive methanol and some of them could not dissolve perfectly
nd thus poisoned the lipase to some degree. As the reaction pro-
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ig. 3. Capability of lipase tolerance to methanol in the co-solvent mixture system.
eaction conditions: 10% Novozym435 based on the oil weight; temperature 45 ◦C;
50 rpm. Methanol/Jatropha curcas L. seed oil molar ratio: (�) 2:1, (�) 3:1, (�) 4:1,
�) 5:1, (�) 6:1, (�) 9:1.

onged, the effect was removed with the consumption of methanol.
e can conclude that the capability of lipase tolerance to methanol

ncrease markedly in the co-solvent mixture system.

.5. Operational stability of Novozym435 in the co-solvent
ixture system

One of the most important characteristics of an immobilized
nzyme is its stability and reusability over an extended period
f time. From the viewpoint of process economics, the more the
atch of an enzyme used is, the more economical the process is. An
ptimal solvent system for lipase-catalyzed methanolysis should
ot only increase the capability of lipase tolerance to methanol
ut also not impair the stability of lipase during repeated use.

he operational stability of Novozym435 was compared in the
o-solvent mixture (25% t-pentanol:75% isooctane) system and
ure isooctane system. As shown in Fig. 4, the novozym435 lost
ctivity rapidly during repeated use in the pure isooctane sys-
em and the conversion closed to zero after five batch reactions

ig. 4. Operational stability of Novozym435 during batch reaction. Reaction con-
itions: methanol/Jatropha curcas L. seed oil molar ratio of 5:1; 7.5% Novozym435
ased on the oil weight; temperature 45 ◦C; 150 rpm. The methanol added one time
0 h) in co-solvent mixture system and three times (0, 5, and 10 h) in pure isooctane
ystem.
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120 h). However, there was no obvious loss in conversion even
fter Novozym435 being reused for 60 cycles (720 h). The par-
icles of Novozym435 tended to adhere to each other to form
mall spheres in the pure isooctane system. However, they dis-
ersed in the co-solvent mixture system uniformly. We filtered
he Novozym435 from the pure isooctane system after reaction,
ashed it with considerable isooctane, then washed with super-
ure water, filtered again and collected the filtrate for rotary
vaporation, viscous sample obtained for IR analysis, the infrared
pectrum was showed in Fig. 5, as showed, the viscous sample was
4.62% of similarity to glycerol. We also analyzed the by-product
lycerol in the reaction mixture and found that there was theo-
etic yield of free glycerol existing in the co-solvent mixture system,
ut only 30% of theoretic yield of free glycerol existed in the pure

sooctane system. These results demonstrated that the by-product
lycerol could dissolve in the co-solvent mixture system which con-
ributed a lot to the markedly improved lipase stability. However, in
he pure isooctane system (traditional enzymatic medium), much
lycerol had been adsorbed onto the surface of the immobilized
ipase which led to the quite short operational life of the lipases
21–24].

.6. Other lipases and lipase combinations catalyzed
ethanolysis in the co-solvent mixture system

It has been reported that both Lipozyme TL IM and Lipozyme
M IM also had high catalytic activity for methanolysis [15,21,45].
o we investigated if they can also be used as biocatalyst for
ethanolysis of J. curcas L. seed oil in this co-solvent mixture

25% t-pentanol:75% isooctane). As shown in Table 4, the conver-
ions of both lipases were only about 78% after 24 h reaction and
bviously lower than that of Novozym435. This may be because
ipozyme TL IM and Lipozyme RM IM are known as lipases with
,3-positional specificity and theoretically the highest conversion
hould be only 67%. Therefore acyl transfer had been thought to
ccur during the methanolysis, which resulted in the conversion
f 78% could be obtained [46]. Furthermore, just as the results
f Noureddini’s study [43], the different lipase sources, different
mmobilized methods and carriers may also take some effects on

he methanolysis.

Lipozyme TL IM and Lipozyme RM IM are 1, 3-positional spe-
ific lipases but with a lower price. Novozym435 is a nonspecific
ipase but with a higher price. Considering the cost of lipases and
heir catalyzed specificity, combined use of these three lipases was

able 4
ther lipases and lipase combinations catalyzed methanolysis of Jatropha curcas L.

eed oil in the optimal co-solvent mixture

ipase Conversion (%)

0 h 2 h 6 h 10 h 12 h 24 h

.5% Aa 0 40.5 81.7 91.6 97.3 97.9

.5% Bb 0 29 49.5 67.4 73.6 76.5

.5% Cc 0 27.5 51.3 68.8 74.5 78.3
% A + 6.5% B 0 35.6 78.2 87.7 92.5 95.8
.5% A +5% B 0 39.6 80.2 90.3 96.8 97.7
% A + 2.5% B 0 41.2 81.4 92.3 96.2 97.4
% A + 6.5% C 0 32.6 76.9 84.3 93.6 96
.5% A + 5% C 0 38.6 77.2 87.3 95.4 96.8
% A + 2.5% C 0 40.1 79.4 89.8 96.2 97.8
% C + 6.5% B 0 27.4 49.2 65.3 71.8 75.9
.5% C + 5% B 0 30.6 45.9 62.7 69.4 76
% C + 2.5% B 0 30.1 50.4 67.3 73.7 76.4

eaction conditions: methanol/oil molar ratio of 5:1; temperature 45 ◦C; 150 rpm.
a (A) Novozym435.
b (B) Lipozyme TL IM.
c (C) Lipozyme RM IM.
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Fig. 5. IR spectrum of viscous sample obtained by washing Novozym435 with su

Fig. 6. Novozym435-catalyzed methanolysis of other vegetable oils in the
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[
[14] L.A. Nelson, T.A. Foglia, W.N. Marmer, J. Am. Oil. Chem. Soc. 73 (8) (1996)
o-solvent mixture. Reaction conditions: methanol/oil molar ratio 5:1; 7.5%
ovozym435 based on the oil weight; temperature 45 ◦C; 150 rpm; reaction time
2 h. PCB: Pistacia chinensis Bunge seed oil.

xplored further. As shown in Fig. 5, when 1% Novozym435 was
dded into 6.5% Lipozyme TL IM or Lipozyme RM IM, the conver-
ion increased remarkably and achieved about the same as that of
.5% Novozym435 used singly. Therefore, combined use of lipases
an cut down the cost of lipase.

.7. Novozym435-catalyzed methanolysis of other vegetable oils
n the co-solvent mixture system

In order to explore if the co-solvent mixture (25% t-Pentanol:75%
sooctane) has extensive applicability, we investigated the effect
f Novozym435-catalyzed methanolysis of other vegetable oils in

his co-solvent mixture. As can be seen from the Fig. 6, all the veg-
table oils tested attained very high conversion. This shows that
his co-solvent mixture can be used as a prospective media for

ethanolysis of triacylglycerols in biodiesel production.

[

[
[

perpure water after reaction in pure isooctane system (I) and glycerol (II).

. Conclusions

Solvent engineering method was applied to the lipase-catalyzed
ethanolysis of triacylglycerols for biodiesel production in this
ork. A co-solvent mixture, 25% t-pentanol:75% isooctane (v/v),
as optimal and successfully used as the reaction medium for

ipase-catalyzed methanolysis for biodiesel production. From the
esults of this work it can be concluded that the use of this co-
olvent mixture in the enzymatic biodiesel production has the
ollowing advantages: (a) both the negative effects caused by
xcessive methanol and by-product glycerol can be eliminated
ompletely; (b) high reaction rates and conversion can be obtained;
c) no catalyst regeneration steps are needed for lipase reuse; and
d) the operational stability of the catalyst is high. In a word, the
o-solvent mixture is a very prospective media for methanolysis of
riacylglycerols in biodiesel production.
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